This work analyses the properties of calcium phosphate coatings obtained by pulsed laser deposition on the surface of the ferroelectric polymer material. Atomic force and scanning electron microscopy studies demonstrate that, regardless of the type of sputtering target, the calcium phosphate coatings have a multiscale rough surface that is potentially capable of promoting the attachment and proliferation of osteoblasts. This developed surface of the coatings is due to its formation mainly from a liquid phase. The chemical and crystalline 2 composition of the coatings depends on the type of sputtering target used. It was shown that, regardless of the type of sputtering target, the crystalline structure of the ferroelectric polymer material does not change. Cell viability and adhesion studies of mesenchymal stromal cells on the coatings were conducted using flow cytometry and fluorescent microscopy. These studies indicated that the produced coatings are non-toxic.
Introduction
Implants made from fluoropolymers are ubiquitous in modern medicine [1] . Such implants are used in ophthalmology [2, 3] vascular surgery [4] , surgery [5] , orthopedics [6] , traumatology [7] and tissue engineering [8, 9] . The widespread use of fluoropolymers in medicine is due to their beneficial properties, such as: high chemical resistance, good mechanical properties, heat resistance, thermal stability and biological inertness [10, 11] .
Some fluoropolymers, such as polyvinylidene fluoride (PVDF), vinylidene fluoride with tetrafluoroethylene copolymer (VDF-TeFE) and vinylidene fluoride copolymer with trifluoroethylene (VDF-TrFE) have piezoelectric and ferroelectric properties [12] .
Piezoelectric and ferroelectric properties of these polymer materials arise from strong dipole moment of perpendicular polymer chain occurring at the specific conformation of the macromolecule. A significant dipole moment arises due to the higher electronegativity of fluorine atoms in comparison with hydrogen and carbon ones [13] . There are three main crystalline modifications of the polymers (α, β, γ) that are differing in chain conformation.
The α -modification is characterized by a monoclinic lattice in which the chain conformation (TGTG-) has opposite dipole moments, so in general it is non-polar. The β -modification has an orthorhombic lattice with a polar cell in which chains have a planar zigzag conformation.
The γ -modification is comprised of a polar cell with the chain conformation T3GT3G -. In addition the β -modification is the most electrically active phase as it has the most significant dipole moment (≈8 × 10 -30 Cm) [14] .
The ferroelectric property of PVDF or its copolymers gives the opportunity to actively influence the pool of biological cells placed on its surface. It has been demonstrated that an increase in the ferroelectric β phase stimulates the differentiation of mesenchymal stem cells (MSC) in osteoblasts [15, 16] and accelerates the regeneration of bone tissue [17, 18] and stimulates attachment of neurons [19, 20] . Devices made using polymeric ferroelectric materials were previously used for mechanical stimulation of osteoblasts [21, 22] .
It is known that the processing conditions of PVDF and copolymers (the rate of crystallization from the melt or solution, orientation drawing, annealing, hardening, etc.) significantly affect its crystal structure and hence the physical characteristics of the formed product [13] .
The main disadvantage of implants made of PVDF and its copolymers is a limited capacity for integration within tissues due to its low surface free energy. To overcome this shortcoming a series of studies on the surface modification of fluoropolymers was conducted in different research centers to improve the integration of the implants into the surrounding tissues [23] [24] [25] For applications associated with the regeneration of bone tissue on the surface of fluoropolymers calcium phosphate coatings (CaP) are applied, usually by RF magnetron sputtering [26, 27] . It is known that CaP coatings have a high biological compatibility and promote the attachment and proliferation of osteoblasts on their surface. It is desirable for biocompatibility that the surface of coatings is multiscale rough, and the coating structure has considerable number of macro-and micro-pores [28] . However, the RF magnetron sputtering CaP coatings usually do not have the multiscale rough surface [29, 30] , which has the potential to reduce the degree of integration with the surrounding tissues. During the coating formation by RF magnetron sputtering there is a substantial heating of the coated sample. For the case of coating PVDF and its copolymers this heating is capable of causing an undesirable change in the polymer's crystal structure [31] .
Thus, to provide the possibility of additional osteoblasts stimulation, the ferroelectric polymer materials should have a rough biocompatible calcium phosphate coating. At the same time the process of calcium phosphate coating formation should not affect the polymer conformational structure to avoid the transformation of β phase to α phase in order to preserve the crystal structure of the polymer material with ferroelectric properties.
One of the promising ways to create CaP coating on the surface of ferroelectric polymer materials satisfying the above requirements is a method of pulse laser deposition (PLD) [32] .
PLD method is based on a laser ablation of target due to powerful laser pulses in a vacuum or in the presence of a background gas. As a result of a rapid local heating of the target material a plasma plume is formed, which spreads in a vacuum or a rarefied gas and is deposited on the surface of the substrate, forming a thin film. The properties of the film depend on the parameters of radiation, the material of the target and the coated substrate [33] . The selection of the experimental conditions aims to minimize the impact of the process on the properties of the substrate material. PLD method using hydroxyapatite (Ca10(PO4)6(OH)2, HAP) target is widely used for the creation of biocompatible CaP coatings on surfaces of metal, ceramic and polymeric materials [34, 35] . Another promising target compound for the formation of CaP coatings is Dicalcium Phosphate Anhydrous (CaHPO4, DCPA) [36, 37] . Hitherto there is no literature data on obtaining CaP coatings by PLD using DCPA targets. The influence of the formation of coatings by PLD on the crystal structure of ferroelectric polymer substrates is poorly understood, which restricts further development of the technology.
Thus, the main objectives of our work were: to investigate the possibility of formation of CaP coatings by PLD on the surface of the ferroelectric polymer material and to study the properties of the coatings and their dependence on the sputtering target material. Impact of the formation of coatings on the crystal structure of the ferroelectric polymer substrate materials was also investigated.
Materials and methods
Formation of the polymer film on plates was performed as described in [38] . In this work Investigation of the surface morphology of the resulting coatings was performed using scanning electron microscopy (SEM, ESEM Quanta 400, FEG). A thin layer of gold was applied to the surface of the investigated sample for 60 seconds using a magnetron sputtering system SC7640 (Quorum Technologies Ltd).
Morphological characteristics of the coatings (e.g. particle size), were measured using the software Image J 1.38 (National Institutes of Health, USA).
Surface properties were also studied using the high resolution atomic force microscopy (AFM) using Solver-HV (NT-MDT). The topology and surface potential of the coatings were determined by the method described previously [39] .
The study of the elemental composition of the samples was performed by X-ray fluorescence analysis (XRF) using X-Ray Fluorescence Spectrometer (Shimadzu XRF 1800) with the accelerating voltage of 40 kV, current 95 mA, scanning speed 8º / min and the scanning step 0.1°.
Examination of the chemical structure of the samples was performed for the films obtained on the glass substrate. For this purpose, the film was mechanically separated from the plate. The result was a sample on one side of which was the CaP coating. Both sides of the sample were investigated using the method of Attenuated Total Reflectance (ATR) Fourier Transform Infrared spectroscopy (FTIR). Spectrometer Tensort 27 (Bruker) with ATR attachment (PIKE MIRacle, with the angle of incidence 45º) on the crystal ZnSe was used.
Investigations were carried out in the spectral range of 500 to 2000 cm -1 with a resolution of 4 cm -1 .
The crystal structure of the samples was investigated using X-ray diffraction analysis with Shimadzu XRD 6000 diffractometer. The samples were exposed to a monochromatic Cu K-alpha (1.54056 Å) radiation. The accelerating voltage and the beam current were set to 40 kV and 30 mA respectively. The scanning angle range, scanning step size and signal collection time were 6 -55°, 0.0200° and 1.5 seconds respectively. As references we used the following entries from the PDF -4 database: Hydroxyapatite (#00-055-0592) and Dicalcium Phosphate Anhydrous (#01-071-1759). The average size of the crystals (lc) was evaluated using the Debye-Scherrer equation:
where λ is the wavelength of the incident radiation, β the width of the reflection at half height, βr is the broadening reflex of the apparatus, θ is the angle of diffraction and k = 0.9. To estimate the cell adhesion multipotent mesenchymal stromal cells (MSC) derived from adipose tissue from healthy donors were used. Before culturing cells by flow cytometry (Guava Easy Cyte 6, Millipore, USA), a phenotypic analysis of these cells was performed using monoclonal antibodies CD19, CD34, CD45, CD73, CD90 and CD105 (BD, USA) as previously described [40] . The study was performed according to Helsinki declaration and approval was obtained from the local Ethics Committees in Almazov Federal Medical
Evaluations
Research Centre. Written informed consent was obtained from all subjects prior to the fat tissue biopsy. The cells culturing was performed on titanium discs with a diameter of 10 mm, one side of which was coated with the test coating. The test samples were placed in the wells of 24-well culture plate. The cells were plated on the samples at a concentration of 10x10 3 / cm 2 and cultured for 72 hours.
The cells were maintained in alpha-MEM medium (PanEco, Russia) supplemented with 10% fetal calf serum (Hyclone, USA), 50 units/mL penicillin and 50 µg/mL streptomycin (Invitrogen, USA) at 37°C and 5% CO2. As a control the cells without the specimens were used.
To visualize the cells the specimens MSC were infected with the lentivirus bearing GFP, seeded onto specimens and after 72 h fixed with cold methanol for 5 min at room temperature, cell nuclei were stained with DAPI. Lentivirus production was as followes: the pLVTHM (20 μg), pMD2G (5 μg), and packaging pCMV-dR8.74psPAX2 (5 μg) plasmids were co-transfected into HEK-293T cells by a calcium phosphate method. The resultant production of lentivirus was concentrated by an ultracentrifugation method, resuspended in PBS with 1% BSA, frozen in aliquots at -80° and tittered using HEK-293T cells as described previously [41] .
The study of the viability of cells on the modified surface was carried out by flow cytometry using Guava Easy Cyte 6 (Millipore, USA). For this purpose the cells were detached from the surface of the films with 0.5% solution of trypsin-EDTA (Sigma Aldrich, USA), centrifuged 10 min at 716g, resuspended in 1 ml of culture medium and stained with 75%) ). For all types of statistical analysis significance level was 95% (p <0.05).
Results and discussion
The SEM image of calcium phosphate coatings surface obtained by PLD from HAP target is shown on Fig. 1 . Macro accumulations with an average size of 9.7 ± 3.8 μm were observed on the surface of obtained coating with a slight magnification (larger scale, Fig. 1a ). At high magnification (Fig. 1b ) it was established that microstructure of macro accumulations is formed by round-shape particles with an average size of 2.5 ± 1.2 μm.
The SEM image of calcium phosphate coatings surface obtained by PLD from DCPA target is shown on Fig. 2 . In Fig. 2a macro accumulations were also observed on the surface of obtained coating with their average size of 16.5 ± 10.3 μm. The size is therefore larger than that found on coatings obtained from the HAP target. a b Fig. 2 . SEM images of coatings derived from PLD with DCPA target.
As in the case of HAP target microstructure of macro accumulations are formed by round-shape particles with the average size of 2.3 ± 0.9 μm (Fig. 2b) .
The high resolution AFM topography imaging of the samples (Fig. 3 a, Hence, the research results obtained using SEM and AFM techniques demonstrated that a complex multiscale roughness structure of a coating surface is formed under the selected conditions of coating formation for both types of the sputtering target. It should be noted that a similar structure of the coatings was previously noted in [42, 43] . This is consistent with current physical models of PLD, as during the nanosecond laser ablation the gas plasma cloud is composed of ions and large clusters, which can be further integrated due to intense collisions during the motion of the plasma cloud from the target to the substrate [32] , [44] . It is known that a rough surface structure of CaP coatings stimulates the attachment of osteoblasts and differentiation of multipotent MSC into osteoblasts in in vitro systems and bone formation in in vivo systems [45] [46] [47] . Thus, it can be assumed that the rough surface of the coatings formed in this work will facilitate attachment of osteoblasts and bone formation in vivo.
Previously, we have shown that the surface of VDF-TeFE has a substantial negative potential (> 1.0 V), due to the ferroelectric properties of the polymer [38] . The analysis of the surface potential maps presented in Fig. 4 (b, d, f ) demonstrates that the coatings shift the surface potential in the positive direction and, therefore, it can be concluded that the formed coatings are positively charged.
The average surface potential for the CaP coatings was -0.17 ± 0.07 V and -0.25 ± 0.06 V for HAP and DCPA targets respectively ( Fig. 3 b, d, f) . The positive shift of the potential is possibly due to the fact that CaP nanostructured coating is a p-type semiconductor with a wide band gap (~ 4 eV) and a high defect density [48] . The high defect density makes it possible to change the surface potential of the coatings with an external polarization or irradiation with low-energy electrons to further stimulate osteoblast adhesion to the surface [49, 50] The chemical composition of the surface is also an important characteristic of a biocompatible material. Since multipotent MSC express Ca 2+ -sensitive receptors that regulate their homing and differentiation potency, multipotent MSC differentiation into osteoblasts and new bone formation needs sufficient amount of calcium (Ca) and phosphorus (P) [51] . A certain increase in the Ca/P ratio for the coatings as compared with the sputtering targets was previously observed by other authors and can be due to a higher P volatility under low pressure [52, 53] FTIR spectra of the initial polymer film, sputtering targets, the coatings and the reverse side of films after PLD are presented in Fig. 4 . FTIR spectra of the film obtained from the solution of the copolymer VDF-TeFE has several major absorption bands characteristic of the ferroelectric β phase: 881 cm -1 (vаCF2 + rCH2 + rCF), 1325 cm -1 (wCH), 1398 cm -1 (wCH2 -vаCC) and 1429 cm -1 (δCH2) [54, 55] . The spectrum also has α-phase: characteristic band 617 cm -1 (δCF2 -δCCC) [56] and γ phase: characteristic band 822 -1 cm (rCH2) [57] .
Thus, initial polymer film contains three phases, but the intensity and the presence of absorption bands in the region of 840 cm -1 (vsCF2) and 1276 cm -1 (vasCF2), characteristic for molecular fragments with long trans sequences [58] allows us to conclude that a large proportion of the original polymer film is the β phase with ferroelectric properties. IR spectrum of the HAP powder has following major bands: 533 cm -1 , 563 cm -1 , 600 cm -1 (ν4PO [3] [4] , 963 cm -1 (ν1PO [3] [4] , 1090 cm -1 (ν3PO [3] [4] and 1026 cm -1 (PO [3] [4] [59] . A weak band which may arise from the (HPO [2] [3] [4] at about 875 cm -1 appears on the FTIR spectrum.
This band can also be connected with the presence of Ca(OH)2 in the sample. Following bands: 630 cm -1 (vibration mode OH -), 1412 cm -1 , 1456 cm -1 (v3CO3) allow to characterize the HAP target as carbonate substituted hydroxyapatite [60] .
IR spectrum of the DСPA powder has following major bands: 560 cm -1 (ν4PO 3-4), 992
cm -1 (ν1PO [3] [4] and 1060 cm -1 (ν3PO [3] [4] . The band at 882 cm -1 corresponds to the P-O(H) stretching vibrations of the acidic phosphate group (HPO4). The broad peak at 1300 to 1450 cm -1 is due to the P-O-H in-plane bending, the broad band at approximately 1633 cm -1 is associated with the H-O-H bending and the rotation of the residual free water, 1125 cm -1 band was assigned to P-O stretching [61] .
The IR spectrum of the PLD coating with the HAP target has following bands ( Fig. 4 insert): 524 cm -1 , 530 cm -1 , 570 cm -1 , 605 cm -1 which are characteristic for the type (ν4PO [3] [4] oscillations. The broad shoulder at 1000 cm -1 region is characteristic of (ν3PO [3] [4] oscillations.
There are small but quite distinct bands at 963 cm -1 (ν1PO [3] [4] and 1090 cm -1 (ν3PO [3] [4] .
Notable is the decrease, as compared to HAP powder, in the band intensity of 875 cm -1 , as well as the absence of the band at 630 cm -1 which may be caused by the decomposition of Ca(OH)2 at a high temperature. Comparative analysis of the spectra of the HAP powder and the HAP target coating allows us to conclude that, under the parameters chosen to form a coating, there are no significant chemical changes in the structure during the transfer process of the target material to the substrate.
The IR spectrum of the PLD coating with the DСPA target has following bands which are characteristic for the type (ν4PO [3] [4] oscillations: 533 cm -1 , 547 cm -1 , 573 cm -1 и 610 cm -1 .
The band at 887 cm -1 corresponds to the P-O-H stretching vibrations of the acidic phosphate group (HPO4) and is an evidence of the formation of calcium-deficient apatite . The broad shoulder at 732 cm -1 is characteristic of the group P2O7 [62] .
The presence in the coating formed from the target DCPA bands at 732 cm -1 and 887 cm -1 and the absence of the band at 1060 cm -1 suggest a significant change in the chemical structure of the target material in the process of transfer onto the substrate. Changes in the chemical structure of the target material are due to the thermal decomposition of DCPA at high temperature. It is known that upon heating DCPA is transformed into calcium pyrophosphate (CPP, Ca2P2O7) by reactions described in [63] :
Therefore, the results are indicative of the DCPA target coating being enriched with CPP. Previously it was assumed that the presence of calcium phosphate CPP in materials intended for bone regeneration could negatively affect the process of bone regeneration.
However, recent studies show that bone cements enriched in CPP, had not inhibited mineralization of the healing bone around the implant and actually appeared to stimulate it [64] . Thus, the presence of CPP in the coatings obtained by sputtering the DCPA target may be a factor in stimulating new bone formation process in vivo, however, this assumption requires further detailed study.
The FTIR spectrum of the back side of the polymer film after the coating has bands characteristic of all polymorphs: β (881 cm -1 , 1325 cm -1 , 1398 cm -1 and 1429 cm -1 ), γ (822 cm - On the patterns of the original VDF-TeFE film, there is a high peak at 19.6°, which corresponds to the orthorhombic lattice with polar cells, in which the chains have transconformation characteristic of the β phase [65] . The peak-halo at angles near 2θ = 18° were recognized as a paraelectric α phase and ferroelectric γ phase localized in the interfacial domains at the crystal-amorphous phase boundaries [66, 67] . Thus, the XRD investigation of the structure of the coatings indicates the presence of crystalline phases with the ferroelectric properties of the film.
On the XRD patterns of the HAP target (Fig 5a) there are a number of intensive peaks: On the XRD patterns of the DCPA target (Fig 5b) The XRD study results support the assumption that under the selected parameters the transfer of target particles to the substrate occurs without significant changes in the structure of HAP, which is associated with a significant thermal stability of HAP. It is known that changes in the crystal structure of HAP during heating in an oxidizing atmosphere, as recorded by XRD, begins at a temperature above 1300°C [68] . The presence of crystalline phases detected in the HAP target coating suggests the formation of CaP coating from the liquid phase by rapid cooling and fusion melt of HAP drops. This conclusion is based on an assumption that the coating formed from highly ionized plasma would be amorphous, whereas in the case of the coating formation from liquid drops of HAP with a nucleus consisting of unmelted target, crystalline phases are expected in the coating.
On the XRD patterns the polymer films with the DCPA target coating, in addition to the peak at 19 The results of studies on the influence of the coatings on the viability of the MSC culture cultivated for 72 hours are shown in Table 2 . The images of fluorescently labeled cells on the surface of the formed coatings are given in Fig. 6 . Importantly, for the surface of samples with the VDF-TeFE coating there were almost no cell adhesion ( Fig. 6 a, b) . While the density of cells on samples with the HAP target coating and the DCPA target coating amounted to 615 ± 122 ( Fig. 6 c, d ) and 532 ± 185 ( Fig.   6 e, f) on 1 mm 2 of the surface respectively.
The low number of cells observed on the surface of the film of the copolymer VDF-TeFE is explained by the contact surface properties. It is known that coatings formed from solution of the copolymer VDF-TeFE are characterized by a low roughness, a high hydrophobicity, and thus have a low surface free energy value [38] . It has been reported that the hydrophobic surface is capable of absorbing a large number of proteins [69] which typically inhibits cell adhesion [70] .
A significant number of cells observed on the surface of the CaP coatings formed by the PLD method with HAP target are due to the rough surface topography and high content of Ca and P in the formed coatings. This ability of the coatings to create conditions for attachment and proliferation of osteoblasts on the surface was previously shown in [34] , [71] a b
c d e f The absence of significant differences in terms of adhesion and cell viability on the surface of the CaP coatings formed using the DCPA and the HAP targets demonstrates the lack of toxicity of the DCPA based coatings. Thus, the presented studies show the possibility of using PLD with the DCPA target for forming biocompatible coatings.
Conclusions.
This paper presents the results of studies of the properties of calcium phosphate coatings formed on the surface of the copolymer VDF-TeFE by laser ablation with HPA and DCPA targets. Studies of the coatings by SEM and AFM demonstrated that regardless of the type of sputtering target the structure of CaP coatings was rough which is potentially conducive to the attachment and proliferation of osteoblasts. The structure of the coatings suggests that, under the selected formation parameters, the formation of the coating is predominantly from a liquid phase.
The chemical composition of the coatings is similar to the sputtering target. Some observed deviation of the ratio Ca/P in the coatings compared with the sputtering targets is due to the higher volatility of the phosphorus at low pressure and high temperature. In the case of the HAP target there is no significant change in the structure of the target material during the formation of the coating, which is due to significant thermal stability of HAP. In the case of the DCPA target the coating consists of amorphous CaP enriched with CPP.
The studies of the crystal structure of the ferroelectric polymer material before and after the formation of the coatings by PLD indicate that the formation of CaP coatings do not affect the crystalline structure of the polymer material, which indicates the conservation of the properties of the ferroelectric film. The toxicity studies of the coatings show that the obtained coatings are non-toxic.
